A new microparticle-based delivery system was synthesized from reactive oxygen species (ROS)-responsive poly(propylene sulfide) (PPS) and tested for "on demand" antioxidant therapy. PPS is hydrophobic but undergoes a phase change to become hydrophilic upon oxidation and thus provides a useful platform for ROS-demanded drug release. This platform was tested for delivery of the promising anti-inflammatory and antioxidant therapeutic molecule curcumin, which is currently limited in use in its free form due to poor pharmacokinetic properties. PPS microspheres efficiently encapsulated curcumin through oil-in-water emulsion and provided sustained, on demand release that was modulated in vitro by hydrogen peroxide concentration. The cytocompatible, curcumin-loaded microspheres preferentially targeted and scavenged intracellular ROS in activated macrophages, reduced in vitro cell death in the presence of cytotoxic levels of ROS, and decreased tissue-level ROS in vivo in the diabetic mouse hind limb ischemia model of peripheral arterial disease. Interestingly, due to the ROS scavenging behavior of PPS, the blank microparticles also showed inherent therapeutic properties that were synergistic with the effects of curcumin in these assays. Functionally, local delivery of curcumin-PPS microspheres accelerated recovery from hind limb ischemia in diabetic mice, as demonstrated using noninvasive imaging techniques. This work demonstrates the potential for PPS microspheres as a generalizable vehicle for ROS-demanded drug release and establishes the utility of this platform for improving local curcumin bioavailability for treatment of chronic inflammatory diseases.
Introduction
Elevated levels of reactive oxygen species (ROS) cause oxidative stress that contributes to inflammation-related pathologies such as peripheral arterial disease (PAD) [1e3] . Under pathological conditions, leukocytes that are recruited to inflamed sites produce and then release an excess of ROS, causing harm to the surrounding tissues through DNA damage and lipid peroxidation [1, 3, 4] . This process is self-propagating, as the ROS released by inflammatory cells can increase the expression of leukocyte adhesive factors on the endothelium, resulting in local extravasation of additional leukocytes that produce additional ROS [5, 6] . Diabetic patients are especially susceptible to oxidative stress and inflammatory diseases, because excessive glucose increases expression of endothelial cell nitric oxide synthase (eNOS) and the production of superoxide, leading to increased generation of hydroxyl radicals, hydrogen peroxide, and peroxynitrite [7e9]. In diabetes, there is a chronic pro-inflammatory environment, where ROS contributes to both endothelial dysfunction and a predisposition to PAD [9, 10] . The strong relationship between hyperglycemia, oxidative stress, and microvascular complications is also supported by observations that, compared to the general population, diabetic patients have a four times greater risk of developing PAD [11] , worse lowerextremity function [12] , and a greater risk of amputation [13, 14] . Furthermore, preclinical studies have shown that animals with type 1 diabetes have an impaired vascular response to ischemia [15e17] and that decreasing oxidative stress improves post-ischemic neovascularization [15, 16] . Therefore, therapeutics that locally reduce oxidative stress have significant potential for treatment of inflammatory diseases like diabetic PAD.
Curcumin, a natural molecule derived from turmeric, is a pleiotropic anti-inflammatory and antioxidant agent that acts through inhibiting the pro-inflammatory transcription factor nuclear factor kappa B (NF-kB) [18, 19] and by scavenging oxidative free radicals through H-atom donation and/or electron transfer [20] . These therapeutic effects would be beneficial for treatment of PAD in the context of chronic, diabetes-induced oxidative stress, and curcumin has shown promise in preclinical ischemia/reperfusion studies [21, 22] . However, therapeutic use of curcumin is limited due to its extreme hydrophobicity which reduces absorption and leads to rapid metabolism and elimination [23] . One approach to overcoming the poor aqueous solubility and stability of curcumin for clinical applications is to deliver it locally from a depot [24] . In order to improve bioavailability of curcumin, sustained/ targeted delivery approaches including hydrogels [24] , exosomes [25] , and stimuli-responsive nanoparticles [4] have been pursued. Microparticles comprising hydrophobic, biodegradable polymers also offer a useful approach for creating an injectable, local depot for controlled drug release [26] . However, conventionally used PLGA-based microparticles are degraded by non-specific hydrolysis and produce acidic degradation products that can exacerbate local inflammation [27] and activate autocatalytic degradation of the particles [28] . This autocatalytic degradation leads to an uncontrolled drug release profile that limits the effectiveness of these particles as vehicles for sustained drug release.
Here, poly(propylene sulfide) (PPS) has, for the first time, been fabricated into microparticles and explored as a candidate for encapsulation and "on demand" delivery of curcumin at sites of oxidative stress. The hydrophobicity of PPS makes it a good candidate for efficient encapsulation of curcumin via oil-in-water (O/W) emulsion methods [26, 29] . Hydrophobic PPS undergoes a morphological transition to more hydrophilic poly(propylene sulfoxide) and poly(propylene sulfone) upon exposure to ROS. Oxidation-responsive polymersomes [30] , nanoparticles [31, 32] , micelles [33, 34] , and hydrogels [35] have been applied; however, there is no example of formulated micron-scale particles that are more effectively retained at the tissue site and generate a stable, local depot for sustained, oxidation-responsive, on demand delivery. This system was designed to leverage the oxidative conversion of PPS to more hydrophilic forms as a trigger for on demand release of the anti-inflammatory/antioxidant molecule curcumin. The ability to modulate therapeutic release based upon environmental demand [35e38] is anticipated to yield more efficient and sustained local delivery, particularly when applied in the context of diabetic PAD. The studies presented herein include microparticle fabrication and characterization, assessment of on demand release kinetics, and testing for therapeutic effects in vitro and in vivo. The in vivo studies were carried out in the diabetic mouse hind limb ischemia model and showcase new, non-invasive imaging techniques for measuring ischemic limb recovery [39] .
Materials and methods

Materials
All chemicals were purchased from SigmaeAldrich (St. Louis, MO, USA) and used as received unless otherwise described. Curcumin (368.38 g/mol; !94% curcuminoid content) was obtained from Sigma. Propylene sulfide was purchased from Acros Organics (NJ, USA) and purified by distillation just before polymerization. 87e90% hydrolyzed poly(vinyl alcohol) (PVA) of average molecular weight 30,000e70,000 was prepared into a 1% w/v solution in deionized water. Transwell inserts with 0.4 mm pore polycarbonate membranes (Corning, Lowell, MA, USA) were used in 24-well plates for curcumin release experiments. SIN-1 was purchased from Invitrogen (San Diego, CA, USA) as a package of 1 mg vials. Cell culture reagents, including fetal bovine serum (FBS), Dulbecco's Modified Eagle Medium (DMEM), and penicillin-streptomycin (p-s) were supplied by Gibco Cell Culture (Carlsbad, CA, USA). 4-Cyano-4-(ethylsulfanyltiocarbonyl) sulfanylpentanoic acid (ECT) was synthesized following the previously reported procedure [40] .
Microsphere synthesis and characterization
Synthesis of poly(propylene sulfide) (PPS)
To prepare PPS as previously described [34, 41] , propylene sulfide (3.16 mL, 40.4 mmol), ECT (52 mg, 0.20 mmol), TPPCl (tetraphenylphosphonium chloride e Ph 4 P þ Cl À ) (14.9 mg, 0.040 mmol), and dry NMP (N-methyl pyrolidone) (10 mL) were placed in a dry glass ampoule equipped with a magnetic stirring bar, and the solution was degassed by three freeze-evacuate-thaw cycles. The reaction mixture was stirred at 60 C for 20 h, and the resulting polymer (Suppl. Fig. 1 
Characterization of PPS
PPS was characterized for molecular weight and polydispersity by gel permeation chromatography (GPC, Agilent Technologies, Santa Clara, CA, USA), and the chemical structure of the polymer was also analyzed by 1 H NMR spectra recorded in CDCl 3 (Brüker 400 MHz spectrometer). Molecular weight was measured using GPC with DMF þ0.1 M LiBr mobile phase at 60 C through three serial Tosoh Biosciences TSKGel Alpha columns (Tokyo, Japan). An Agilent refractive index (RI) detector and a miniDAWN Treos multi-angle light scattering detector (Wyatt Technology Corp., Santa Barbara, CA, USA) were used to calculate absolute molecular weight based on dn/dc values experimentally determined using offline injections into the RI detector.
Microsphere fabrication and drug loading
Curcumin encapsulated PPS microspheres were prepared using a modification of the oil-in-water (O/W) emulsion solvent evaporation method [26, 29] . Briefly, curcumin (20 mg) and PPS (20 mg) were dissolved in a 10:1 mixture of chloroform (1.5 mL) and methanol (0.15 mL) and ultrasonicated (ColeeParmer, USA) until both polymer and curcumin were completely dissolved to form the oil (O) phase. The 10% methanol was necessary to achieve curcumin solubility. The O phase was then emulsified in 1% (w/v) aqueous PVA solution (6 mL) using an Ultra-Turrax TP 18-10 homogenizer (Janke and Kunkel KG, IKA-WERK) at 20,000 rpm for 1 min. For solvent removal, the emulsion was then subjected to high vacuum (~635 mm Hg) using a rotary evaporator (Rotavapor RII, BUCHI, Switzerland). Microspheres were then recovered by centrifuging (Allegra X-12 Centrifuge, Beckman Coulter, USA) the remaining aqueous solution at 16,500 Â g for 5 min. The microspheres were then washed once with deionized water and lyophilized (Labconco Freezone 4.5, USA). Unloaded control PPS microspheres were made using the same method described above but without addition of curcumin.
Microsphere characterization
Curcumin encapsulated microspheres were characterized for size and morphology by scanning electron microscopy (SEM, Hitachi S-4200, Hitachi Ltd, Tokyo, Japan). The microspheres were suspended in a water drop and placed on a double sided carbon tape attached to an aluminum stub, air dried, and then sputter coated with gold for 30 s. Curcumin encapsulation was confirmed by fluorescent microscopy using a Nikon Eclipse Ti inverted fluorescence microscope (Nikon Instruments Inc., Melville, NY). To do so, microspheres were suspended into a water drop on a glass slide and imaged after covering with a glass cover slip. Drug loading in the microspheres was determined by fully dissolving microspheres in DMSO (1 mg/mL) overnight, centrifuging at 16,500 Â g for 3 min, and quantifying the curcumin concentration in the supernatant using fluorescence of curcumin (excitation 488 nm, emission 535 nm) in a plate reader (Tecan Group Ltd., Mannedorf, Switzerland). Drug loading and encapsulation efficiency were calculated from the extracted curcumin using established methods [42] . Size of the microspheres was quantified using ImageJ 1.45s software (Freeware, NIH, Bethseda, MD) by measuring SEM diameters of >100 microspheres.
ROS-dependent curcumin release kinetics in vitro
In vitro release profiles of curcumin from PPS microspheres were obtained by exposing the PPS microspheres to 0, 0.5, 5, 50, 500, and 882 (3 wt%) mM concentrations of H 2 O 2 for 56 days and quantifying the amount of released curcumin by fluorescence (excitation 488 nm, emission 535 nm). PBS (1Â, pH 7.4) containing 0.1% w/v N-acetylcysteine (NAC) and 0.01% w/v butylated hydroxytoluene (BHT) was used as the release buffer. Microspheres containing 5 mg curcumin were suspended in 1 mL release buffers with H 2 O 2 and placed in the top of transwell inserts (pore size of 400 nm) in 24-well plates. The wells were sealed with parafilm and incubated at 37 C under constant shaking (30 rpm). Releasate was collected from the bottom chamber at regular time intervals and the release buffer was removed and replaced with fresh buffer. Removed release buffer was diluted 2Â with 100% ethanol for complete dissolution and evaluated by fluorescence on a plate reader (Tecan Group Ltd., Mannedorf, Switzerland) at excitation 488 nm, emission 535 nm based on a curcumin fluorescence standard curve prepared in the same buffer. Control experiments were performed after 14 h of incubation to ensure no effect of H 2 O 2 on quantification of free curcumin (data not shown). All release experiments were performed in triplicate. Release experiments were repeated with 3-morpholinosydnonimine (SIN-1) which generates nitric oxide, superoxide, and peroxynitrite [43, 44] . Release buffers containing 0.1 mM, 1 mM, and 2 mM SIN-1 were prepared. In order to measure on demand delivery of encapsulated curcumin, microspheres placed in the top of transwell inserts were subjected to intermittent SIN-1 for 4 day intervals for a maximum of 72 days. Microspheres were subjected to control buffer for 4 days for the "off" phase, and the respective SIN-1 concentration was added at the beginning of each "on" phase of the experiment. Buffer containing SIN-1 was replaced with control buffer at each subsequent "off" interval.
In vitro curcumin delivery
2.4.1. Curcumin-mediated cell survival NIH-3T3 fibroblasts were transduced with lentivirus to express luciferase (LR3T3s) as described previously [45] . LR-3T3s were cultured in DMEM supplemented with 10% FBS and 1% p-s, then seeded at 5000 cells/well in a black-walled 96-well plate and incubated at 37 C overnight. The media was replaced with fresh media containing no microspheres, blank PPS microspheres, or PPS microspheres containing curcumin. Varying concentrations of H 2 O 2 were added ranging from 0 to 1 mM. The cells were then incubated at 37 C for 24 h. Fresh media containing Dluciferin (Biosynth, Itasca, IL) was added to each well at a final concentration of 5 mg/ mL, and the luminescence from the viable cells was measured using an IVIS 200 (Xenogen). Luminescence images were analyzed with Living Image ® software Version 3.2 (Perkin Elmer).
Cellular internalization of microspheres
3T3 fibroblasts and RAW 264.7 macrophages were seeded in 6-well plates (230,000 cells/well for flow cytometry) or an 8-well chamber cover slip (12,000 cells/well for microscopy) in DMEM supplemented with 10% FBS and 1% p-s and allowed to adhere overnight. Cells were then treated with fresh DMEM with curcumin-loaded PPS microspheres at a curcumin dose of 3.4 mM. One cohort of RAW macrophages were activated to a pro-inflammatory M1 phenotype with 100 ng/mL of LPS and 100 U/mL of interferon-gamma (IFN-g) [46, 47] to assess the effect of macrophage phenotype on microparticle uptake. All groups were incubated with treatments for 24 h, then cells were washed 3 times with PBS. For confocal microscopy, cells were imaged in phenol-red free DMEM media with 0.05% trypan blue in order to determine intracellular uptake of microspheres by different cell types. For flow cytometry (FACSCalibur, BD Biosciences), cells were harvested in 0.05% trypan blue in PBS prior to measurement of intracellular curcumin fluorescence.
Macrophage intracellular ROS production in vitro
RAW 264.7 cells were seeded at 230,000 cells/well in 6-well plates in DMEM supplemented with 10% FBS and 1% p-s and were allowed to adhere overnight. Cells were then treated for 1 h with either blank PPS microspheres or curcumin-loaded PPS microspheres in fresh DMEM medium at a curcumin concentration of 3.4 mM, and then 100 ng/mL of LPS and 100 U/mL of IFN-g was added to the media prior to an additional 24 h of incubation to stimulate production of ROS. Control groups consisted of cells without LPS/IFN-g stimulation and stimulated cells with no microparticle treatment.
After 24 h of stimulation, cells were washed with PBS and then incubated with 5 mM H2-DCFDA in phenol-red free, serum-free DMEM for 25 min. Cells were washed with PBS and harvested in 0.05% trypan blue in PBS. ROS-induced, intracellular fluorescence was measured via flow cytometry (FACSCalibur, BD Biosciences) and analyzed using FlowJo software. Curcumin fluorescence was compensated for using cells receiving the same treatments but without addition of the DCFDA dye.
ELISA to measure effects of curcumin microspheres on MCP-1
RAW 264.7 macrophages were seeded at 20,000 cells/well in a 96-well plate in DMEM supplemented with 10% FBS and 1% p-s and were allowed to adhere overnight. Cells were then treated for 1 h with either blank PPS microspheres or curcumin-loaded PPS microspheres in fresh DMEM medium (phenol-red free, 1% FBS, 1% p-s) at a curcumin concentration of 3.4 mM, and then the media was supplemented with 100 ng/mL of LPS and 100 U/mL of IFN-g for an additional 2 h to stimulate production of ROS. Unstimulated cells were used as a control. After incubation with microspheres and LPS/IFN-g, the treatments were removed and the cells were given fresh, phenol-red free DMEM (1% FBS, 1% p-s). After 24 h of incubation, culture media was harvested for measurement of monocyte chemoattractant protein-1 (MCP-1) concentration using an ELISA kit (PeproTech). Protein concentration was normalized to relative cell number using a lactate dehydrogenase (LDH) assay (Promega) performed on lysed cells (KDalert lysis buffer, Life Technologies).
In vivo 2.5.1. Mouse hind limb ischemia model
Type 1 diabetes was induced in 8-week-old male FVB mice (Jackson Laboratories) with daily intraperitoneal injections of streptozotocin (50 mg/kg) for 5 consecutive days after a 5 h fast [48] . Glucose levels were measured immediately before induction of hind limb ischemia, and mice with levels above 300 mg/dl were considered diabetic. After 4 weeks of hyperglycemia, hind limb ischemia [49] was surgically induced as described previously [50] . Briefly, the femoral artery and vein of the right hind limb were ligated with 6-0 silk sutures at two locations: immediately proximal to the origins of the superficial epigastric artery and deep branch of the femoral artery, and proximal to the vessels that branch toward the knee. Major side branches were also ligated, and the ligated segment of the femoral artery and vein was excised. The skin incision was closed with interrupted 5-0 nylon sutures. Surgery was performed under isoflurane anesthesia at normal body temperature. Analgesia (10 mg/kg ketoprofen) was administered subcutaneously pre-operatively and every 18e24 h post-operatively until animals exhibited normal appearance and behavior. At 4 h post-surgery, the ischemic hind limb was treated with saline, blank PPS microspheres, or curcumin-loaded PPS microspheres at 5 mg/kg curcumin and 10.3 mg/kg PPS via intramuscular injection into the gastrocnemius and adductor muscles (5 Â 20 mL injections). Mice were fed a standard chow diet ad libitum and had free access to water. All protocols were approved by the Institutional Animal Care and Use Committee of Vanderbilt University and done in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
In vivo local retention of curcumin delivered from PPS microspheres
In a separate cohort of mice, hind limb ischemia was induced, and at 4 h postsurgery, curcumin-loaded microspheres were injected into both the ischemic and control limbs (5 mg/kg curcumin in 10.3 mg/kg PPS) via intramuscular injection. The kinetics of local release of curcumin from PPS microspheres was imaged noninvasively using a Xenogen IVIS 200 to measure curcumin fluorescence (ex: 445e490 nm, em: 515e575 nm).
ROS measurement in extracted gastrocnemius
After 7 days of ischemia, the gastrocnemii of mice from the different treatment groups were extracted immediately postmortem and transferred into PBS in a 24-well plate. A background image of both sides of the gastrocnemius was collected with a Xenogen IVIS 200 (ex: 670 nm, em: 700 nm). The gastrocnemius was then incubated with an ROS-sensitive, fluorescent hydrocyanine dye at a concentration of 100 mM (ROSstar 650, Li-Cor Biosciences, Lincoln, NE) [51] for 45 min in the dark and then washed with PBS. Both sides of the gastrocnemius were then imaged again with an IVIS 200 (ex: 670 nm, em: 700 nm). ROS was also measured with the hydrocyanine dye method in one untreated animal at day 1 to confirm increased ROS levels in the gastrocnemius at an early time point. The average radiance from the ROS-sensitive fluorescence was quantified for all gastrocnemii images using Living Image ® software Version 3.2 (Perkin Elmer).
Intravital hyperspectral imaging of hemoglobin oxygen saturation
Hyperspectral imaging of the footpads was performed at days 0, 2, 4, and 6 postsurgery as described previously [39, 50] . Briefly, a halogen lamp coupled into a liquid light guide provided sample illumination, and the collection arm consisted of a variable focal length camera lens (Navitar, f ¼ 18e108 mm) and liquid crystal tunable filter (CRi, Inc.) mounted on a cooled CCD camera (Andor, 1392 Â 1040 pixel). Diffuse reflectance images were collected from 500 to 620 nm in 8-nm increments and calibrated with measurements of the dark offset and reflectance from a diffuse reflectance standard (Spectralon). Hemoglobin oxygen saturation was then calculated from a modified version of Beer's law that solves for the hemoglobin saturation in each pixel using linear least-squares regression [39,52e54] . Average hemoglobin saturation values were computed for each footpad by averaging all pixels, and the ischemic footpad measurement was normalized to that of the contralateral footpad.
Perfusion imaging
Perfusion images of the footpads were acquired at days 0, 2, and 7 post-surgery with a commercial laser speckle perfusion imager (Perimed). An average perfusion value was computed for each footpad, and the ischemic footpad perfusion was normalized to that of the contralateral footpad.
Intravital imaging of vascular morphology with optical coherence tomography
At day 7 post-surgery, images of the hind limb vasculature were collected through the skin non-invasively using a swept-source optical coherence tomography (OCT) system with a 1060 nm, 100 kHz source (Axsun Technologies, Inc.) [50, 55] . Speckle variance OCT volumes [56] were collected in a 4 mm Â 4 mm area covering the gastrocnemius muscle region to monitor remodeling of vessels in response to hind limb ischemia [39] . The speckle variance B-scans were processed as described previously [50, 55] , and an average intensity projection over~1.5 mm in depth was computed to visualize all vessels within the volume in a 2D image. The projection images of the vasculature were filtered to enhance contrast and connectivity [50, 55, 57] , and the distribution of vessel diameters in each image was quantified.
Histological evaluation of host response to microspheres
At 7 days post-surgery, the mice were sacrificed and the gastrocnemii were removed, fixed with 10% formalin for 24 h, and embedded in paraffin. Histological sections (4 mm) were cut and stained with hematoxylin and eosin (H&E) in order to assess the host response to the microsphere injections.
Statistical analysis
All data are reported as mean ± standard error of the mean (SEM). Analysis of Variance (ANOVA) with a post-hoc Tukey test for multiple comparisons was used to determine treatment effects, and p < 0.05 was considered significant. For in vivo hemoglobin oxygen saturation and perfusion endpoints, an ANOVA general linear model analysis with a post-hoc Tukey test for multiple comparisons was performed to determine the treatment effect over the full time course. For comparisons between groups within individual time points, a Wilcoxon Rank Sum test was performed.
Results
Microsphere synthesis and characterization
Synthesis and characterization of PPS
PPS was synthesized by ring opening polymerization of propylene sulfide using ECT as initiator and TPPCl as catalyst at 60 C through thioacyl group transfer (TAGT) polymerization. The molecular weight and polydispersity of PPS as determined by GPC were M n ¼ 17,700 g/mol and PDI ¼ 1.36, respectively. The polymer structure was confirmed by 1 H NMR spectra recorded in CDCl 3 :
1.25e1.45 (s, CH 3 ), 2.5e2.7 (m, CH), 2.85e3.0 (m, eCH 2 ). The polymer synthesis scheme and PPS structure are depicted in Suppl. Fig. 1 .
Microsphere characterization
Curcumin-loaded microspheres were characterized for size and morphology by SEM (Fig. 1) . Measurements from SEM images indicated that the microspheres had an average diameter of 1.33 ± 0.55 mm (mean ± SD, n > 100). Curcumin encapsulation was qualitatively confirmed by fluorescent microscopy. Drug loading and encapsulation efficiency were 49% w/w curcumin/PPS and 40%, respectively, as determined by extraction of the drug from the microspheres using DMSO.
Curcumin ROS-dependent release kinetics
For in vitro release kinetics experiments ( Fig. 2A) , the rate of curcumin release was dependent on the concentration of H 2 O 2 . There was little release in the absence of H 2 O 2 , and only approximately 20% of the curcumin was released over the entire 56-day period in PBS. For other conditions, the rate of release of curcumin correlated to the dose of H 2 O 2 .
On demand release of curcumin was exhibited by PPS microspheres intermittently exposed to SIN-1 which rapidly degrades (half-life of 1e2 h [58] ) to simultaneously produce nitric oxide and superoxide. These free radicals combine to form the oxidant peroxynitrite [43] . The samples were exposed to SIN-1 off/on cycles for 4 day intervals for a maximum duration of 72 days to assess whether on demand release could be achieved over an extended time frame. When microspheres were incubated in a range of SIN-1 concentrations, including 1 mM which has been used to mimic oxidative stress conditions in vitro [34, 44, 59 ], a concentrationdependent and on demand release profile was observed (Fig. 2B , green bars ¼ þ SIN-1 (in web version), white bars ¼ no SIN-1). The slope of the release curve was higher during the SIN-1 "on" phases than the "off" phases for all doses tested. Together, the H 2 O 2 and SIN-1 release experiments demonstrate ROS concentrationdependent, on demand release of the antioxidant curcumin from PPS microspheres.
3.3. In vitro curcumin delivery 3.3.1. Curcumin-PPS microspheres enhance cell survival in vitro
Next, the ability of curcumin-PPS microspheres to salvage cell viability under cytotoxic levels of ROS was assessed. For a low dose of curcumin-PPS (3.4 mM curcumin, 2.5 mg/mL PPS), it was found that microspheres were cytocompatible and showed a significant therapeutic benefit up to 0.5 mM H 2 O 2 (p < 0.05) (Fig. 3A) . At this level of ROS, both blank PPS and curcumin-PPS showed a protective effect since PPS itself scavenges H 2 O 2 (Fig. 3A, Suppl. Fig. 2) [32] . A higher dose of curcumin-PPS (27.1 mM curcumin, 20.4 mg/mL PPS) was then tested (Fig. 3B) . Although approximately 40% baseline toxicity was seen in the curcumin-PPS treated cells in the absence of H 2 O 2 , there was a greater therapeutic effect with curcumin-PPS under higher levels of ROS (up to 1 mM H 2 O 2 ). Blank PPS microspheres did not rescue cell viability under these higher H 2 O 2 concentrations. Together, these data indicate that both blank PPS and curcumin-PPS microspheres improve cell viability under oxidative stress conditions in a dose-dependent manner. Under greater oxidative stress levels, curcumin-PPS is superior to PPS alone. The lower dose of microspheres was sufficient to improve cell survival in 0.5 mM H 2 O 2 conditions without baseline cytotoxic effects, so this microsphere dose was selected for use in further in vitro experiments.
Microspheres are preferentially internalized by LPS/IFN-gactivated macrophages
In order to test whether the microparticles may preferentially target activated, phagocytic cells in vivo based on their physical characteristics, in vitro cellular internalization of curcumin-loaded PPS microspheres was assessed in 3T3 fibroblasts, RAW cells at baseline, and RAW cells activated to a pro-inflammatory M1 phenotype through a combination of LPS and IFN-g [46, 47] . After 24 h of treatment, confocal microscopy and flow cytometry qualitatively and quantitatively indicated that stimulated RAWs internalized the microspheres at a significantly higher rate than control cell types (Fig. 4AeB) . Confocal microscopy z-stacks confirmed that microspheres were internalized rather than adsorbed to the outside of the cell membrane (Fig. 4A) . Quantification of curcumin-PPS microsphere uptake with flow cytometry confirmed that curcumin-PPS microspheres were preferentially internalized by pro-inflammatory M1 macrophages (Fig. 4B) .
Curcumin-PPS reduces intracellular ROS levels in vitro
Curcumin-PPS microspheres exerted a functional effect on intracellular ROS levels in RAW cells activated by LPS and IFN-g. Flow cytometry quantification of intracellular ROS showed that activated RAWs treated with either blank PPS microspheres or curcumin-loaded PPS microspheres had significantly lower levels of ROS than untreated, activated RAWs (p < 0.05) (Fig. 4C) . Additionally, ROS levels in activated RAWs treated with curcumin-PPS microspheres were approximately 50% lower than in blank PPS treated cells (p < 0.05) and statistically equivalent to ROS levels in non-activated RAW cells (p > 0.05). 
Secretion of chemokine MCP-1 is reduced by curcumin-PPS in vitro
After characterizing the antioxidant activity of both unloaded and curcumin-loaded PPS microspheres, we sought to confirm that curcumin loading provides additive anti-inflammatory activity relative to blank PPS microspheres through suppression of the NFkB pathway [18, 19] . To do so, we compared the effect of curcuminloaded PPS microspheres to that of blank PPS microspheres on secretion of MCP-1, an inflammatory chemokine whose expression is mediated by NF-kB activity [60, 61] , in activated macrophages. Curcumin-loaded microspheres significantly reduced MCP-1 secretion in activated macrophages in comparison to blank PPS microspheres (p < 0.05) (Fig. 4D) .
Response to curcumin-PPS in vivo 3.4.1. Curcumin-PPS microspheres are retained locally and reduce ROS levels in the ischemic hind limb muscle
Local retention of curcumin-PPS microspheres in the hind limb muscle was assessed using an IVIS system to non-invasively image curcumin fluorescence over time after induction of hind limb ischemia (n ¼ 5 mice, representative time course in Fig. 5A ). In the ischemic limb, curcumin was released more rapidly than in the control limb, presumably due to the increased level of ROS present during ischemia. ROS levels are increased in an untreated ischemic muscle as early as 1 day post-surgery as indicated by a greater than 2-fold increase in fluorescence of the ROS-sensitive hydrocyanine dye relative to the control muscle (Fig. 5B) . During the 3 week period following surgery, the average curcumin fluorescence signal in the control limb remained~4.8Â greater than tissue background fluorescence, while the average ischemic limb signal decreased from 6.4Â to 3.2Â greater than background fluorescence by day 3 post-injection then leveled off to 2.6Â from day 3 to day 21 as the limb recovered from hypoxia.
After 7 days of ischemia, the levels of ROS-sensitive fluorescence in the extracted gastrocnemius muscles were significantly lower for mice receiving treatment with either blank or curcumin-loaded PPS microspheres relative to the saline-treated group (p < 0.05) (Fig. 5C) 
Enhanced recovery of blood oxygenation and perfusion in the ischemic limb
Functional recovery from ischemia was evaluated over a one week period in order to assess the therapeutic effect of curcumin-PPS during a time frame in which ROS overproduction in the ischemic limb is known to occur [15, 62] . Hemoglobin oxygen saturation measured non-invasively with hyperspectral imaging (representative images Fig. 6A ) is significantly increased in the curcumin-PPS treated group relative to the blank PPS and salinetreated groups over the time course of ischemic recovery (days 2, 4 and 6 combined, p < 0.05) (Fig. 6B) . At day 2, the curcumin-PPS group has a significantly higher hemoglobin saturation ratio compared to the saline group, while the PPS and saline groups are not significantly different across the time course (p > 0.9) (Fig. 6B) . Similarly, perfusion imaging of the footpads indicated that curcumin-PPS microsphere treatment significantly increases recovery of distal blood flow over the time course of one week relative to blank PPS treatment (days 2 and 7 combined, p < 0.05). At day 2, the curcumin-PPS group has a significantly greater perfusion ratio than the saline and blank PPS groups (Suppl. Fig. 3 ).
Intravital imaging of vascular morphology in the ischemic gastrocnemius
The effect of microsphere treatments on vessel remodeling in the ischemic hind limb was imaged non-invasively using speckle variance OCT [39, 50, 55, 56] . Representative images in Fig. 7A provide visualization of vessel morphology in the gastrocnemius muscle at day 7 post-surgery, and the diameter distribution for the curcumin-PPS treated mice showed a significant increase in the length of vasculature with diameters between 25 mm and 125 mm relative to the blank PPS microsphere group (p < 0.05) (Fig. 7B) .
Microspheres are histocompatible in the ischemic limb
H&E staining showed that the muscle status was heterogenous across cross-sections of the ischemic limb gastrocnemius for all treatment groups at day 7 following induction of ischemia (Suppl . Fig. 4 ). The majority of the muscle fibers within the gastrocnemius appeared healthy, but there were interspersed regions showing significant mononuclear cell infiltration associated with fibrous tissue and apparent muscle fiber necrosis. These observations suggest that some negative tissue response to ischemia and/or tissue damage due to syringe insertion into the muscle was present for all groups but that there was no apparent, deleterious host response to the microsphere treatments.
Discussion
Therapies that target oxidative stress and inflammation in ischemic tissue environments have potential to improve the impaired neovascularization associated with diabetes [15, 16] . Curcumin is a promising candidate due to its demonstrated safety in humans and its combined anti-inflammatory and antioxidant properties; however, curcumin bioavailability is limited by low serum and tissue levels (irrespective of administration route), rapid metabolism, and systemic elimination [18, 20, 23] . For local delivery applications, delivery vehicles are needed that can overcome the limitations of bioavailability due to the extreme hydrophobicity and instability of free curcumin under neutral-basic pH conditions [ 63, 64] . Previous approaches to improving curcumin bioavailability in vivo have included exosomes [25] and liposomes [22] for systemic administration, and stimuli-responsive nanoparticles for local injections at sites of inflammation [4] . However, micron-sized particles may be better suited for forming a stable depot for sustained, localized delivery to an ischemic tissue site. In comparison to nanoparticles, microparticles have reduced systemic absorption and are less apt to diffuse away from the injection site, thus providing sustained, local drug release over a longer time frame [65] . Additionally, particles from 0.5 to 5 mm in diameter could be used to selectively target uptake by phagocytic cell types [66e68], as we have shown in vitro in activated macrophages for our particles with an average diameter of 1.3 mm (Fig. 4AeB) . Microparticles composed of PLGA have been used to encapsulate curcumin for sustained release as a cancer therapeutic [26] . However, the release kinetics can be affected by PLGA autocatalytic degradation, and the degradation products of PLGA cause a local acidification and inflammatory response [27, 28] . To accomplish the goals of providing sustained, local, on demand antioxidant and anti-inflammatory therapy to ischemic tissues under oxidative stress, we have pursued ROS-sensitive PPS microspheres as a delivery vehicle. PPS was selected as the vehicle for curcumin in this application because its hydrophobicity allows for efficient encapsulation of hydrophobic curcumin via O/W emulsion, and the cargo is released in a bioresponsive, ROS-dependent manner as shown by exposure of the curcumin-loaded microspheres to H 2 O 2 and SIN-1 in vitro (Fig. 2) . While a bolus delivery of ROS was used for these cell free experiments in contrast to the continuous ROS generation that occurs in inflamed tissues in vivo, the ranges of H 2 O 2 and SIN-1 doses were selected to include physiologically-relevant ROS concentrations [34] as well as higher doses that demonstrate the ROS concentration-dependency of curcumin release. Though it is difficult to precisely mimic the complex milieu of ROS present in vivo, the dose range of peroxynitrite-generating SIN-1 tested in this work corresponds with doses of up to 1 mM SIN-1 that have been used to mimic pathological conditions on cells [44, 59] . While some of the doses of H 2 O 2 and SIN-1 used in these drug release studies may be superphysiologic, these results demonstrate that the microspheres respond to multiple sources of ROS which contribute to oxidative stress in inflamed tissues. With regards to the PPS microsphere drug release mechanism, the hydrophobic sulfide is converted to more hydrophilic sulfoxide/sulfone by ROSmediated oxidation [30] . We expect that this phase change causes swelling and then gradual disassembly of the PPS microparticle matrix into water soluble, unimeric polymers and that progression of this process triggers release of the microsphere cargo. Unlike PLGA, the byproducts of PPS microsphere degradation do not acidify the local environment [27] , and PPS has been safely used as a component in nanoparticle, polymersome, and hydrogel drug carriers in vitro and in vivo [31, 34, 35, 69] .
In addition to its cytocompatibility and utility for drug loading, PPS has inherent therapeutic properties as a H 2 O 2 scavenger [32] . To our knowledge, our group was the first to demonstrate the cellprotective effects of PPS in the presence of cytotoxic levels of ROS in recent work with PPS-containing hydrogels [35] . We have also observed this benefit here with our PPS microparticle-based injectable drug depot as shown in experiments with 3T3 fibroblasts (Fig. 3 and Suppl. Fig. 2 ). Importantly, curcumin was synergistic with PPS, and the curcumin-loaded microparticles showed superior therapeutic benefit compared to blank particles under higher H 2 O 2 concentrations. In this context, it is presumed that curcumin microparticles injected into tissue would remain within the tissue stroma and release therapeutic curcumin and/or scavenge extracellular ROS to reduce oxidative stress on surrounding skeletal muscle and other resident cells. However, it was also found that fabrication into micron-sized particles enabled preferential curcumin-PPS microsphere uptake by more phagocytic, activated macrophages (Fig. 4AeB) , as these particles fall within the size range that is not efficiently internalized by non-phagocytic cell types [66e68]. This preferential targeting to inflammatory cells is desirable since these cells are the primary producers of damaging ROS and pro-inflammatory signals [1, 3, 5] . Furthermore, ROS may also be produced and accumulate in intracellular compartments such as phagosomes and endosomes/lysosomes [70] , and targeting antioxidant enzymes to endocytic vesicles may be an effective approach for quenching endosomal superoxide [71] . Thus, tuning of PPS microparticle size to be optimized for phagocyte internalization may enable direct targeting to ROS at their subcellular source. In the current study, blank and curcumin-loaded PPS microspheres significantly reduced intracellular ROS levels in activated macrophages (Fig. 4C) . PPS microsphere-mediated ROS scavenging in living cells is a novel finding for PPS, to our knowledge, and the synergy with curcumin is in agreement with previous studies demonstrating the antioxidant effects of curcumin in vitro [4, 72] . Thus, these data suggest that curcumin-loaded PPS microparticles would potentially have a combined mechanism in vivo where curcumin would be released extracellularly and also intracellularly, primarily within activated, phagocytic macrophages. Curcumin-PPS microspheres also reduced secretion of chemokine MCP-1 in activated macrophages (Fig. 4D) , confirming antiinflammatory activity through inhibition of the NF-kB pathway [60] . Diabetes-induced oxidative stress impairs post-ischemic neovascularization, and reduction of ROS represents a promising approach to remedy PAD [15, 16] . Curcumin is a promising candidate in this context, and it has been shown to have therapeutic benefit in preclinical models of inflammation and ischemia/ reperfusion injury using delivery approaches such as systemic injection of free curcumin [21] , systemic injection of exosomes [25] and liposomes [22] , and local injection of stimuli-responsive nanoparticles [4] . However, sustained, ROS-demanded delivery of curcumin from a local depot has yet to be investigated in a model in which ischemia and ROS production are exacerbated by diabetes. In the current work, we have shown that in vitro rate of release of curcumin from PPS microparticles is modulated by environmental levels of ROS such as H 2 O 2 and peroxynitrite over a sustained time frame (Fig. 2) . This on demand delivery mechanism was also demonstrated in vivo. Increased ROS in the ischemic hind limb mediated rapid release of curcumin from PPS microspheres (Fig. 5AeB) , while in the normoxic control limb, microspheres were retained at the site of injection without significant drug release over the 21-day time frame tested. The stable curcumin fluorescence signal observed in the control limb over time suggests that the microsphere depot remained intact in the absence of pathological levels of ROS. This on demand release mechanism was also found to have significant ROS scavenging effects in vivo, and the curcumin-PPS microspheres significantly reduced ROS in the ischemic muscle 7 days following delivery. In this study, the blank PPS microspheres again showed an intermediate reduction of local ROS (Fig. 5C ). These in vivo therapeutic studies focused on the acute phase of recovery since the control animals in this model also showed functional improvements at later time points (Fig. 6B and Suppl. Fig. 3 ). Based on pilot studies in which free curcumin formed crystals in vitro (Suppl. Fig. 5A ) and exacerbated ROS levels in ischemic tissue (Suppl. Fig. 5B ), we did not pursue free curcumin treatments in this work. The functional effects on vascular recovery in the diabetic mouse hind limb ischemia model were investigated with noninvasive optical imaging techniques [39, 50, 55] . Hyperspectral imaging of hemoglobin oxygen saturation (Fig. 6 ), perfusion imaging of the footpads (Suppl. Fig. 3 ), and OCT of vessel morphology in the gastrocnemius (Fig. 7) revealed that the curcumin-PPS microspheres significantly improved recovery in this model of diabetic PAD. Controlled, on demand release of PPS and curcumin may help keep local levels of ROS within an optimal range, since both too much [15, 16, 73] and too little ROS [62, 74] are detrimental to angiogenesis and ischemic recovery. The greater functional benefit observed from curcumin-PPS microspheres relative to blank PPS particles in this study may be due to the more pleiotropic effects of curcumin in addition to scavenging ROS, including inhibition of NFkB activity, reduction of proteolytic enzyme levels, inhibition of platelet aggregation, and other anti-inflammatory, antioxidant, and antidiabetogenic effects [18] . Overall, these results are promising for the context of excessive ROS and inflammation in diabetes, and there is an opportunity to optimize dosing and pharmacokinetics in vivo to achieve maximal therapeutic benefit.
Conclusions
ROS-responsive PPS microspheres were successfully utilized for encapsulation and sustained, on demand delivery of curcumin in the diabetic mouse hind limb ischemia model of peripheral arterial disease. The PPS microspheres were found to be cytocompatible, improved cell survival under exogenous oxidative stress, and reduced ROS levels in vitro and in vivo. Interestingly, blank PPS microspheres also showed some therapeutic function in vitro, although curcumin-loaded PPS microspheres were significantly more effective overall, especially in functional measures of recovery in the ischemic hind limb. The use of PPS microsphere-based environmentally-sensitive depots represents a compelling approach to provide on demand bioavailability of curcumin or other antioxidants for treatment of diabetic PAD or other localized tissue sites affected by chronic inflammatory diseases.
